The adaptive immune system has evoked to protect organism against pathogens. Central to maintaining immunity is cell-surface presentation of antigenic peptides to specific receptors on CD8 ϩ cytotoxic T lymphocytes by class I major histocompatibility complex (MHC) molecules on infected cells. This cell-mediated recognition process results in the elimination of infected cells and is critically important to maintain immunity against virus and tumors.
CYTOSOLIC PROCESSING OF ANTIGENIC PEPTIDES
It is well established that cytosolic proteolysis is the major source of MHC class I bound ligands. 1) Most of these 8-11 residue peptides are derived from peptides generated in the cytosol or nucleus during protein degradation by the ubiquitin-proteasome pathway. [2] [3] [4] Accordingly, inhibitors of proteasome block MHC class I antigen presentation.
2) Most of peptides degraded by proteasome are hydrolyzed quickly to amino acids by cytosolic peptidases, while some peptides escape from further degradation, transported into the endoplasmic reticulum (ER) and presented on MHC class I molecules.
While proteasome plays the major role in the generation of antigen peptides, involvement of other proteases in this process has been also demonstrated. Glas et al. exposed membrane permeable proteasome inhibitor, NLVS, to EL-4 lymphoma and cloned resistant cell line which termed adapted cells. 5) Although the activity of proteasome was markedly decreased in the cells, hydrolytic activity to alanylalanyl-phenylalanyl-7-amino-4-methylcoumarin (AAF-AMC) which is a substrate for tricon protease, a large protease complex in Thermoplasma, was increased, suggesting that AAF-AMC cleaving activity in adapted cells could compensate for the loss of proteasome function in antigen presentation. One of the responsible enzymes for AAF-AMC hydrolytic activity was co-purified with 26S proteasomes and identified as tripeptidyl peptidase (TPP) II.
6) TPP II possesses predominantly trypsin-like endoproteolytic activity as well as aminopeptidase activity that removes tripeptides sequentially from free N-termini of peptides. 6, 7) TPP II and proteasome cleaved 41-mer polypeptide products derived from ovalbumin differently from each other. Furthermore, it was suggested that in human dendritic cells TPP II can generate immunodominant human immunodeficiency virus (HIV) epitope, HIV-Nef (73-82), independently from proteosome. These observations suggest that TPP II can degrade certain antigen proteins to peptide fragments distinct from that generated by proteasome, increasing the complexity of the MHC class I peptide repertoire.
TRIMMING AND DESTROY OF ANTIGENIC PEPTIDES IN THE CYTOSOL
Ligands for the MHC class I molecules are composed of peptides of 8-11 a.a. in length. Proteasome degrades the bulk of intracellular proteins and generates peptides ranging from 2 to 25 a.a. in length. 8) Whereas some antigenic peptides are directly produced by the proteasome in their final forms, others are produced as precursor peptides. In regard to precursors of epitopes, Craiu et al. examined which termini of precursor of antigenic peptide might be generated by proteasome.
9) It was revealed that proteasome inhibitor blocked the presentation of a chicken ovalbumin-derived antigenic epitope, SIINFEKL, with a C-terminal extension, but not with an N-terminal extension. These results suggest that while proteasome mediates proper C-terminal cleavage for the generation of several immunodominant class I-presented peptides, precursors of antigenic peptides with N-terminal extensions require further processing to final epitopes by some aminopeptidases after the proteasome action. 9, 10) In efforts to identify trimming aminopeptidases, leucine aminopeptidase (LAP) was first identified by Beninga et al. 11) They tested the effects of interferon (IFN)-g, which enhances several important steps of antigen presentation, on the degradation of ovalbumin-derived antigenic peptide precursor QLESIINFEKL in the cytosol. IFN-g enhanced degradation of the precursor peptide and generation of final epitope SIINFEKL in HeLa and U937 cells. They also examined the hydrolytic activity toward various amino acid-AMC in soluble fraction from HeLa and U937 cells to investigate the aminopeptidases involved in the trimming of antigenic peptide precursors. In IFN-g-stimulated cells, hydrolytic activity to several substrates such as Leu-, Lys-, Met-, Cys-and Phe-AMC were enhanced, indicating the presence of IFN-ginducible aminopeptidases in the cytosol. Since the substrate specificity of IFN-g-inducible aminopeptidase was similar to that of LAP purified from porcine kidney, LAP was considered as an IFN-g-inducible aminopeptidase involved in the antigen processing. 12) In addition, LAP can generate a final antigen epitope SIINFEKL in vitro. Taken together, it is concluded that LAP can contribute to the trimming process of antigenic peptide in the cytosol.
Two other aminopeptidases were also identified as trimming enzymes of precursor peptides in the cytosol. It was shown that the class I epitope of vesicular stomatistis virus nucleoprotein (VSV-NP) was first processed through both proteasome-dependent and -independent proteolytic steps and subsequently generated by some aminopeptidases. 13) AAF-chloromethylketone (CMK) inhibited the cleavage of the precursor of VSV-NP epitope with N-terminal flanking 5 amino acids, SLSDLRGYVYQGL, to the final epitope RGYVYQGL. In an attempt to purify the enzyme responsible for SLSDL-AMC hydrolytic activity sensitive to AAF-CMK, puromycin sensitive aminopeptidase (PSA) and bleomycin hydrolase (BH) were identified from cytosol fraction of a human EBV-transformed B cell line. 14) PSA is a member of aminopeptidase belonging to the M1 family of metallopeptidases 8) and the first candidate in this group of peptidases which function as a trimming enzyme of antigen peptides. It has been suggested that PSA is required for regulation of cell cycle, normal growth and behavior associated with anxiety and pain. 15, 16) However, physiological substrates are still elusive. Another trimming peptidase, BH, is a cysteine protease and originally discovered as an enzyme that can inactivate anticancer drug bleomycin. 17) Its expression level is associated with sensitivity to bleomycin in tumor cells. PSA and BH are widely distributed in many tissues and their gene structures are in common with housekeeping genes. 18, 19) Furthermore, the enzymes were shown to generate VSV-NP epitope from N-extended minigenes in vitro. From these results, it is concluded that PSA and BH can act as trimming enzymes which generate the class I epitopes in the cytosol. In addition, the possibility that TPP II and PSA can act sequentially on N-terminal processing of human RU1 epitope was also reported. 20) Peptides generated by proteasome are generally hydrolyzed into amino acids rapidly. Antigenic peptides and their precursors are also thought to be degraded to amino acids efficiently. Saric and colleagues searched the metallopeptidases which might degrade antigenic peptides and found that cytosolic peptidases such as PSA and thimet oligopeptidase are involved in antigen degradation both in vitro and in vivo. 21, 22) In addition, some chaperones such as Hsp 70, Hsp 90 and group II chaperonin TRiC can protect proteasome products from further degradation. 23, 24) It is considered that the regulation of antigenic peptide degradation by these proteins is an important factor to determine the efficiency of antigen presentation.
PROCESSING OF ANTIGENIC PRECURSORS IN THE ER LUMEN
Antigenic peptides generated in the cytosol are transported into the ER lumen by transporters associated with antigen processing (TAP) heterodimmer, TAP1 and TAP2, and loaded onto newly synthesized MHC class I molecules.
25) It was shown that some mature epitopes presented efficiently to MHC class I molecules often show very low affinities to TAPs. On the other hand, N-extended precursors of these epitopes reveal high affinities to TAPs and presented efficiently to cytotoxic T lymphocytes. 26) These findings suggest that TAP preferentially transport antigenic peptides as N-extended precursor forms into the ER lumen and transported precursors are then trimmed by some ER aminopeptidases.
To elucidate the molecular nature of the trimming peptidase in the ER lumen, enzymatic properties of ER aminopeptidases were characterized. Komlosh et al. showed that the conversion of ESIINFEKL, a precursor of ovalbumin-derived antigenic epitope, to SIINFEKL was completely inhibited by the metallo-chelator, 1,10-phenanthroline, suggesting that metalloenzyme(s) is involved in the antigen processing in the ER. 27) Other aminopeptidase inhibitors such as leucine thiol, Leu-CMK and bestatin also reduced the class I antigen presentation. Substrate specificity of lumenal trimming peptidase was examined using a library of N-terminally extended precursors of SIINFEKL epitope with five amino acid residues. 28) Trimming activity in the ER lumen was specifically blocked if proline is located at P2 position, leading the accumulation of X-Pro-Xn peptide. In fact, peptide with the X-Pro-Xn motif is a large fraction (ca. 20%) of peptides presented to some MHC class I molecules. Although TAPs show lower affinity to peptides containing proline at P2 position, longer precursors with N-terminal flanking residues can be efficiently transported into the ER by TAPs. Thus, trimming by ER aminopeptidases seems to be an essential step for the generation of antigen epitopes with the X-Pro-Xn motif.
The first identification of a candidate protein which trim precursors to final epitopes was reported by Menoret et al. 29) They demonstrated that an abundant ER lumenal chaperone, gp96/glucose-regulated protein 94 (GRP94), purified to homogeneity had aminopeptidase activity toward several synthetic substrates such as Leu-p-nitroanilide and Ala-p-nitroanilide. The activity was eliminated by both aminopeptidase inhibitors (i.e. bestatin and amastatin) and a serine protease inhibitor, PMSF. When Ser 655 , a putative PMSF targeting residue, was mutated, the aminopeptidase activity of gp96/GRP94 was eliminated. In addition, gp96/GRP94-me-diated trimming of K b -binding VSV epitope was also shown. From these results, they concluded that gp96/GRP94 is responsible for the antigen trimming in the ER.
Identification of ER aminopeptidases responsible for the trimming was independently reported by two groups through biochemical approaches. They purified an aminopeptidase localized in the ER lumen, and named it ER aminopeptidase associated with antigen processing (ERAAP) 30) or ER aminopeptidase 1 (ERAP1).
31) ERAP1/ERAAP is identical to previously described aminopeptidase named adipocyte-derived leucine aminopeptidase (A-LAP), 32) puromycin insensitive leucine specific aminopeptidase (PILS-AP) 33) and aminopeptidase regulator of tumor necrosis factor receptor type I shedding (ARTS-1). 34) A-LAP/ERAP1 was originally cloned by us as a homologous protein of oxytocinase/placental leucine aminopeptidase (P-LAP) 35) using expression sequence-tags (ESTs) constructed from human adipose tissue cDNA library. A-LAP/ERAP1 contains HEXXH(X) 18 E gluzincin consensus zinc-binding motif and is classified into the M1 family of zinc metalloaminopeptidases. Immunocytochemical analysis showed that the enzyme was co-localized exactly with immunoreactivity of anti-KDEL antibody against the ER-retention signal sequence KDEL, indicating that A-LAP/ERAP1 is localized in the lumenal side of the ER. Although recombinant A-LAP/ERAP1 showed limited specificity toward synthetic substrates, it could release various amino acids from N-terminal end of peptide hormones and precursors except when proline is located at the P2 position, leading the generation of epitopes with X-Pro-Xn motif. 31, 36) These features of the A-LAP/ERAP1 fulfill the criteria for an antigen trimming aminopeptidase in the ER lumen as described above. In addition, like other proteins involved in antigen presentation, expression of A-LAP/ERAP1 was markedly enhanced by IFN-g. When overexpressed, A-LAP/ERAP1 enhanced the presentation of ovalbumin-derived epitope from N-extended precursors in the ER of intact cells. On the other hand, reduction of the enzyme expression through RNA interference prevents presentation of the ovalbumin-derived epitope to MHC class I molecules on the cell surface. 37) These results indicate that A-LAP/ERAP1 is essential for the presentation of SIINFEKL epitope.
Like A-LAP/ERAP1, we found sequences similar to P-LAP in leukocyte EST library and cloned another ER aminopeptidase, leukocyte-derived arginine aminopeptidase (L-RAP). L-RAP and A-LAP/ERAP1 differ in their specificity toward synthetic substrates. While A-LAP/ERAP1 revealed a preference for leucine, L-RAP hydrolyzed Arg-AMC most efficiently, followed by Lys-AMC. Arg hydrolytic activity was indeed found in the lumenal fraction of the ER by Saric et al. 31) Since L-RAP can trim several antigenic precursor peptides such as HIV-Nef antigen and melanomaassociated protein gp100 antigen, we concluded that the enzyme is the second metallopeptidase which contributes to the processing of the MHC class I ligands. 38) Indeed, L-RAP also fulfills the criteria for ER trimming peptidase, i.e. subcellular localization, susceptibility to inhibitors, generation of antigenic peptide and up-regulation by IFN-g. However, there remains to elucidate the in vivo role of the enzyme in the future studies.
From genomic analysis, we have shown that P-LAP, A-LAP/ERAP1 and L-RAP form distinct subfamily of the M1 aminopeptidase family. 38) We proposed that they should be classified into the oxytocinase subfamily of M1 aminopeptidases. 39) It is tempting to speculate that the recent diversion of ER aminopeptidase genes reveals a linkage between the gene evaluation of these enzymes and the acquisition of the adaptive immune system. It is now getting evident that aminopeptidases both in the cytosol and ER play important roles in the generation of antigenic peptides presented to MHC class I molecules (Fig. 1) . Further elucidation of the molecular mechanisms of antigenic peptide processing will allow the development of new therapeutic approaches to several pathological conditions such as virus infection, tumors and auto-immune diseases.
